The process of formation of oxygen by illuminated chloroplast preparations in presence of added Hacceptors resembles the converse of the process of the oxidation of H-donors by oxygen with the KeilinHartree muscle preparation derived from mitochondria (9) . In the former process the H-transport is against the chemical potential owing to transformation of the light energy. The discoveries of the photosy-nthetic phosphorylation with chloroplast preparations by Arnon, Whatley and Allen (2) and with the chromatophores from a photosynthetic bacterium by Frenkel (4) were of supreme significance in the development of the biochemical study of photosynthesis. Furthermore they indicated a similarity of the chloroplast to the mitochondria which was already partly apparent from the comparative study of cytochrome components in the two subcellular structures (10, 11) . In oxidative phosphorylation with mitochondria the H-transport is dependent upon the presence of both inorganic phosphate and an acceptor for the phosphate group. A similar condition has been shown to operate in the chloroplast by Arnon, Whatley and Allen (6). The reduction of an H-acceptor and concurrent 02 production by the illuminated chloroplast system is to a very significant extent coupled with phosphorylation. Moreover the phosphate acceptor-adenosine diphosphate (ADP)-is the same for the chloroplasts and the mitochondria. With mitochondria the coupling of H-transport and phosphorylation can be removed either by the presence of certain reagents or by the treatment used for the Keilin-Hartree preparation. In such a case active H-transport is shown without any concurrent phosphorylation. An analogous process of uncoupled H-transport is shown by the chloroplast preparations (4, 16, 17) either by addition of reagents or by a physical treatment. The important difference between chloroplasts and mitochondria apparently is in the direction of hydrogen transport and it might be legitimate to ternm the phosphorylation with chloroplasts as "reductive" in contrast to the oxidative phosphorylation with mitochondlria. It product being constantly oxidized not by molecular oxygen but by a possible photochemically produced precursor of this gas. In the earlier experiments of Arnon and Whatley 02 appeared to be necessary.
In this case, presumably, a reduced product was being reoxidized by molecular oxygen. Thus in order to obtain the phosphorylation reaction with chloroplast preparations one essential condition must be to establish the photochemically driven H-transport. This condition can be met by adding certain "cofactors" to the washed chloroplast preparations.
The present investigation was undertaken in order to see how specific the two reagents used by Arnon (K3 and FMN) were in relation to the phosphorylation reaction; and to see if the activity could be related to reactions of chloroplast with H-acceptors. A preliminary report of this work was given at a meeting of the Biochemical Society. (15) .
MATERIALS AND METHODS
PLANT MATERIAL: During the period January 14 to April 14, 1957, sugar beet leaves from greenhouse material were made available to us through the kindness of Dr. G. D. H. Bell and the staff of the Plant Breeding Station. Also we are grateful to Dr. J. Swabey, Research Station of Plant Protection Ltd., for a batch of spinach plants. During the period July 1 to 21 of the same year leaves of spinach beet (Swiss chard) were available from plants sown in the open near Cambridge in May. The plants were used when possible at a stage between 8 to 12 leaves. The leaves used were those which seemed to have reached a point slightly less than their full size and when they could be distinguished by their minimum resistance to crushing. In the Swiss chard leaves used no starch could be detected but when the leaf extracts were centrifuged at low speeds a white deposit consisting of calcium oxalate crystals was always obtained.
REAGENTS: Phenazine methosulphate was made from phenazine by dissolving in hot xylene (dried over K2CO3) 15 parts, adding slightly more than 1 equivalent of freshly redistilled dimethylsulphate and heating to 115 to 1200 C until the maximum yellow precipitate was obtained (about 30 mins). The mixture was cooled, the solid filtered off andl washed with dry ether, followed by a very little absolute alcohol.
As far as possible, all contact with moist air was avoided. The crude product was recrystallized from alcohol with the addition of ether. Pyocyanine was prepared according to Mcllwain (13) and purified by repeated passage from chloroform to acid, and isolated as the crystalline free pig-240 ment. The preparation was kept at -15°C. Resor characteristic potentials of the reagents at pH 7 is shown by data in the last column. Of all the substances tried phenazine methosulphate appeared to be the most active. (This was also found independently by Avron and Jagendorf (12) ). We noticed however that the dilute stock solution ( 10-4 M) rather rapidly became purple or brownish when standing even in quite a dull light. This in no way affected the activity. A sample was allowed to stand in the light, the pvocyanine extracted in chloroform, purified and added in a concentration corresponding to the original, phenazine methosulphate. The activity of the pyocyanine was the same as that given by the phenazine methosulphate, either before or after exposure to light.
The formation of pyocyanine in light from phenazine methosulphate requires 02. so that in order to see if the phenazine methosulphate was active it was necessarv to test it in absence of 02. The removal of oxygen to a degree of completeness required when a minute amount of the phenazine methosulphate at a concentration of 10-'M is involved proved impracticable in a time during which the activity of the chloroplast preparation could be maintained. We were thus led to run the phosphorylation reaction in the presence of catalase and ethanol relying on the Mebler reaction (14) There is an indication of a short lag period in the case of the latter of about 1 minute which could represent the conversion to pyocyanine.
The effect of varying concentrations of added cofactors for phosphorylation is shown in figure 2 . In the case of the magnesium ion the chloroplast preparation was not free from magnesium so that the effect of addition of Mg2+ is only shown at the higher concentrations. The broken curve is extrapolated.
In figure 3 a progress curve is shown and the slight increase of inorganic phosphate which may have been released from ADP in the corresponding dark experi- ment is shown by the sloping line lying above that indicating the theoretical total uptake for the added ADP. The disappearance of inorganic phosphate, which corresponds with the formation of ATP from ADP is nearly linear until all the added ADP is converted to ATP.
The effect of changes in pH on the amount of inorganic phosphate esterified in a short interval of time is shown in figure 4 . With broken and unbroken .chloroplasts there is 1 maximum with FMN and K3 while with pyocyanine the curves suggest a superposition of 2 maxima, one corresponding with that in the former curves at pH 7.7 the other, showing a higher activity at pH 7. When the broken chloroplasts were kept at 00 C (in absence of ascorbate) for 4 hours the activity measured with FMN and K3 was practically zero. The same sample measured in the presence of pyocyanine showed activity with a single maximum at pH 7.7. The curves suggest that there may be more than 1 site for the phosphorylation reaction as suggested by Wessels ( 16, 17) from his study of inhibitors with FMN and K3. This, however, would not be the only possible interpretation of the present data.
DISCUSSION
The results obtained by addition of various substances as co-factors for phosphorylation agree with the work (actually carried out simultaneously) of Jagendorf and Avron (12) . Further we found that the addition of ascorbate was not always necessary though it did diminish the rate of loss of activity on storage of the chloroplast preparations at 00 C. Here again there is agreement in the results obtained in both Arnon's (5) and Jagendorf's (12) laboratories and with those of Wessels (16, 17) .
The question as to whether phenazine methosulphate itself is active or whether the activity is due to its photochemical transformation to pyocyanine (which requires 02) is still controversial. Our evidence, which was obtained using concentrations in the region of 10-' M phenazine methosulphate, is in favor of the active agent being pyocyanine, rather than phenazine methosulphate. The concentration of pyocyanine for half activation is greater than that for FMN or K3, but the maximum rate of phosphorvlation for pyocyanine with some chloroplast samples is significantly higher. We were not able to observe any direct reduction of pyocyanine with chloroplast preparations, based on a bleaching of the color. There is, however, indirect evidence (Davenport, private communication) that pyocyanine can be rapidly reduced by illuminated chloroplast preparations; we are led to the conclusion that it can also be rapidly reoxidized by a photochemically induced precursor of free 02 in the chloroplast system and hence, as will be made clear later, it would be supposed to have ideal properties for establishing the photophosphorylation-termed by Arnon as cyclic-which is dependent neither on the presence of 02 nor on the production of 02 (2) with phosphorylation in the presence of ascorbate and magnesium ion only, 02 was found to be necessary. Our experiments confirmed this, and also showed that the initial activity was maintained only for a short period. We didl not determine whether the loss of activity was due to a distruction of an endogenous H-acceptor or inactivation of the whole system. In the more active systems when FMN and K3 were added, the phosphorylation reaction was found by Arnon's group (3, 18) to progress better or slightly better in the absence of 02. More recently, systems have been used (that with pyocyanine may serve as example) where no difference is observed between the rates observed in the presence and absence of 02. On the basis of a requirement for establishing H-transport in the illuminated chloroplast system by catalytic amounts of added material, these differences could readily be explained as follows. The added material can be represented by X which is reduced to XH2 in light and has to be continuously oxidized to X again so as to maintain the H-transport in the system. If XH2 can only be oxidized in the presence of free 02 then the system will require 02 for activity. If XH2 can be oxidized rapidly by the photochemical system in a stage prior to the liberation of 02 then the system would be equally active in air or anaerobically. If XH2 is also oxidized by 02 and gives H202 this will result in a "Mehler reaction." The H202 is likely to cause loss of activity if -SH groups become oxidized. Thus in this case even in the pres-ence of ascorbate, an improvement could result when 02 is removed.
It may perhaps seem to some workers too sweeping a generalization to regard the phosphorylation reaction as forming a part of the photochemically induced H-transport system in the chloroplast. This would imply that differences in behavior of the socalled co-factors for phosphorylation are being governed by their reaction with the terminal H-donor in the chloroplast preparation. The problem is obviously simplified when phosphorylation can be studied in relation to a stoichiometric reduction of an H-acceptor. When a catalytic amount of an H-acceptor is used it introduces the further problem of reoxidation which can be supposed to occur by alternative mechanisms. The conclusion presented by Geller and Gregory (8) in relation to hydrogen transport in their work on phosphorylation with Rhodospirillum extracts may in part be applicable to the chloroplast system in the green plant.
SUM MARY
Several substances have been found to increase phosphorylation at low concentration (10-M) in experiments carried out in air.
Pyocvanine and phenazine methosulphate were found to be the most active of the substances tested. Pyocyanine required a concentration of 6.3 X 106 M to give one half the maximum activity which was given with 1 X 10-MA. FAIN and K3 were found to give full activity at 10' M and one half activity at 5 X 10' MI. It was concluded that the activity observed with phenazine methosulphate was due to its rapid conversion to pyocyanine in light. The effect of changes in pH and of storage times of chloroplast preparations in the system containing pyocyanine showed marked differences from the system containing FAIN and K3.
